Reptiles are declining globally, and turtles in particular are among the most imperiled group of 21 vertebrates on earth. Common turtle conservation strategies include artificial incubation and 22 'head-starting' to rear healthy juvenile turtles for release into wild populations. Temperature-23 dependent sex determination (TSD) in turtles and other reptiles allows conservation managers to 24 bias sex ratios towards females by using high incubation temperatures, allowing the introduction 25 of more egg-bearing individuals into populations. However, theory and data suggest high 26 incubation temperature may potentially degrade phenotypic quality, and therefore investigation 27 into incubation temperature and fitness outcomes is warranted for species with TSD. We 28 performed a meta-analysis to explore the relationship between hatchling mortality, constant 29 temperature incubation, and pivotal temperature (TPiv, the temperature where the sex ratio is 30 1:1). We found models incorporating species-specific TPivs better explained hatchling mortality 31 data than models without species-specific information, suggesting TPivs exhibit a correlated 32 evolution with embryonic thermal tolerance. Moreover, we found embryo mortality followed a 33 parabolic distribution centered near the pivotal temperature, and critically, depreciation of fitness 34 was relatively rapid above vs below the pivotal temperature. These results suggest artificial 35 incubation regimes may benefit from avoiding high-temperature incubation. We suggest that 36 fluctuating temperature regimes are easily implemented and are representative of the 37 environmental context in which turtles evolved over millions of years. Further, recent models 38 allow the prediction of sex ratio under fluctuating regimes, thereby allowing managers to 39 maintain sex ratio bias of wild releases without compromising phenotypic quality. 40
Introduction 43
Despite recent and widespread interest in reptile conservation (Roll et al. 2017) , reptile 44 populations are declining globally (Todd et al. 2010) . Turtles in particular are among the most 45 imperiled group of vertebrates in the world (Rhodin et al. 2018; Gibbons & Lovich 2019), and 46 are naturally susceptible to declines due to low genetic diversity (Romiguier et al. 2014) coupled 47 with high juvenile mortality and slow life histories (e.g., Kondo, Morimoto, Sato, & Suganuma, 48 2017) . Elevated adult mortality of turtles arising from road collisions (Steen & Gibbs 2004) , 49 fishing gear entrapment (Lewison et al. 2004; Bolten et al. 2011 ), predation (Bolten et al. 2011 and direct consumption as a food source (Conway-Gómez 2007; Hancock et al. 2017) , has 51 therefore resulted in dramatic population declines, as natural rates of replacement and population 52 growth are low, and populations are unable to adapt to environmental change on the time scale of 53 anthropogenic impacts (Hawkes et al. 2009 ). At present, 56.3% of data sufficient species are 54 considered critically endangered, endangered, or vulnerable by the International Union for 55
Conservation of Nature (Rhodin et al. 2018). 56 There is now widespread interest in turtle conservation (Gibbons & Lovich 2019) , and 57 common initiatives include protecting nesting turtles from natural predation and poachers 58 (Eckert et al. 1999) , rehabilitation programs at trauma centers (Feck & Hamann 2013) , and 59 and location of egg collection. Exclusion factors included genetic sex determined species (GSD), 136
In situ incubation, or fluctuating temperature trials. In studies including both TSD and GSD 137 species, and studies including both constant and fluctuating incubation trials, only TSD and 138 constant trial results were extracted. Trials involving temperature shifts were also excluded. 139
Several studies report mortality results in figures and do not specify results textually; in these 140 cases we extracted data from figures using WebPlotDigitzer (Rohatgi 2019) . We also extracted 141 all available information on substrate moisture; however, moisture was only measured directly in 142 ten studies. Notably, all studies either reported moisture values or maintained moisture at 143 approximately constant levels across the incubation regime; further, the few studies that 144 manipulated moisture and temperature did so in a factorial manner. It is therefore unlikely that 145 moisture was confounded with temperature in the present study. 146
Ultimately, 29 studies in the Reptile Development Database fit inclusion criteria for the 147 current study (Table A1 ). In total, 202 data points were collected on a total of 15 different 148 species in 6 different families of turtle, representing 43% of known taxonomic families. 149
Pivotal temperatures 150
In cases where species exhibit female-male-female (Type II TSD) sex determination the 151 upper pivotal temperature was used for analyses, since high temperature incubation is the focus 152 of this study. Papers which did not explicitly state the species-specific or population-specific 153 pivotal temperature were supplemented with pivotal temperatures from geographically similar 154 populations of the same species, as pivotal temperature can be both species dependent and 155 geographically dependent (Bull 1980; Ewert et al. 1994) . Literature searches were performed to 156 find pivotal temperatures of species using the species name, 'pivotal temperature', and 'sex 157 ratios'. Species-specific pivotal temperatures were found, and the closest geographically 158 available population pivotal temperature found was used as the pivotal temperature. In total, 159 thirteen studies required supplementation of pivotal temperatures from previously published 160 literature (Table A1) . 161
Data Analysis 162
To test Prediction 1 (i.e., mortality will be better explained by the difference between 163 incubation temperature and TPiv compared to raw incubation temperature) and Prediction 2 (i.e., 164 mortality will increase with increasing deviation of incubation temperature from species-specific 165 pivotal temperatures), we generated plausible hypotheses for how incubation temperature may 166 affect mortality and expressed these hypotheses as statistical models. First, mortality may simply 167 be a function of absolute incubation temperature. Second, if TPiv evolves to match local 168 incubation regimes, then mortality may be better explained by the difference between TPiv and 169 the incubation temperature, rather than absolute incubation temperature. Finally, regardless of 170 which of the above hypotheses is correct, temperature may be linearly or non-linearly related to 171 temperature. In sum, we compared four models: two hypotheses regarding which temperatures 172 affect mortality crossed with two hypotheses regarding the form of the relationship between 173 temperature and mortality. We fit four mixed effect models using maximum likelihood 174 (Table 3) . Fifty-two percent of the measurements indicated a significant 277 temperature effect, and the direction of the effect between studies was variable (Table 3 ). Due to 278 the heterogeneity of the papers and fitness metrics, and the multi-level comparisons within some 279 studies, a formal meta-analysis was not possible. Although long-term studies of lab-reared 280 hatchling turtles are uncommon, our inclusion criteria for the present study likely resulted in the 281 exclusion of many studies examining post-hatching growth or performance. It may prove fruitful 282 for future research to formally examine post-hatching growth and performance under different 283 incubation regimes, as impacts of temperature stress may be observed at a variety of life stages 284 (Jonsson et al. 2014) . 285
More broadly, the results of our study suggest incubating near the pivotal temperature 286 may result in the highest hatching success and perhaps less thermal stress, suggesting this will 287 result in better phenotypes for release into wild populations. If head-starting is to be used, the 288 results of this study indicate incubation methods for conservation must be reviewed to prevent 289 the development of low-quality phenotypes which may in turn have a negative effect on 290 population growth rate. While constant temperature incubation is common for both conservation 291 Meta-analyses are able to identify large-scale patterns, and ultimately help strengthen 305 evidence-based decision-making (Stewart 2010). Indeed, it is important for conservation 306 managers to periodically review methodologies used for species recovery, and with the 307 substantial increase in reptile conservation organizations since the 1990s, there are likely many 308 different initiatives that leverage artificial incubation (Gibbons & Lovich 2019) . The present 309 study implies that the method of artificial egg incubation may be an important source of variation 310 in phenotypic quality. More broadly, however, there is little published literature on formal 311 methods of artificial egg incubation, and as such there is little to no formal discussion or 312 exchange of information with respect to incubation methodologies. We suggest that head-starting 313 programs may benefit from avoiding high temperature incubation environments, and that the 314 same outcomes with respect to sex can be achieved under fluctuating temperature regimes. 315 316 Acknowledgements We thank Anthony Rajkumar and Sami Troendle for valuable constructive 317 comments on the original manuscript. Funding was provided by an NSERC Discovery Grant to 318
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References 320 : Figure 1 : GAM representation of model 1.4, the top ranked model predicted values in black with 652 95% confidence intervals in shaded grey. Points represent raw mortality data collected from 653 previously published literature (Table A1) 
